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High Energy O x i d i z e r s  i n  S o l u t i o n :  The System F2/NF3/HF 

W . E .  T o l b e r g ,  R .S .  S t r ingham,  M.E. H i l l  

S t a n f o r d  Resea rch  I n s t i t u t e ,  Menlo P a r k ,  C a l i f o r n i a  

I n t r o d u c t i o n  

The system F,/NF,/HF h a s  been s t u d i e d  a s  a n  expe r imen ta l  system i n  which i t  
was though t  p o s s i b l e  t o  o b s e r v e  i n t e r a c t i o n s  l e a d i n g  t o  t h e  f o r m a t i o n  of  h i g h l y  
e n e r g e t i c  i o n i c  s p e c i e s .  The d r i v i n g  f o r c e  for t h e s e  i n t e r a c t i o n s  was expec ted  t o  
c o n s i s t  p r i m a r i l y  of t h e  h i g h l y  exo the rmic  fo rma t ion  of f l u o r i d e  i o n  i n  l i q u i d  HF. 
The s y s t e m  has  been s t u d i e d  e x p e r i m e n t a l l y  th rough  measurements of t h e  s o l u b i l i -  
t i e s  of F , ,  NF,, and m i x t u r e s  of t h e  two i n  l i q u i d  HF, a long  w i t h  nmr and e p r  spec- 
t r a  of t h e s e  components and  t h e i r  m i x t u r e s  and some c o n d u c t i v i t y  measurements on 
NF, i n  HF. 

The i n t e r a c t i o n s  p o s s i b l e  between l i q u i d  HF and NF, or F,/NF, m i x t u r e s  a r e  (1) 
t h e  f o r m a t i o n  of i o n s ,  ( 2 )  t h e  fo rma t ion  of complexes of  NF, and HF,  (3) decompo- 
s i t i o n  of NF,, ( 4 )  f l u o r i n e  exchange r e a c t i o n s  among t h e  t h r e e  components,  and ( 5 )  
f o r m a t i o n  of u n s t a b l e ,  s o l v a t e d  complexes of F, and NF,, t h e s e  b e i n g  p r e c u r s o r s  t o  
i o n  f o r m a t i o n .  

Knowledge of t h e  s o l u t i o n  c h e m i s t r y ,  t h e  nmr and e p r  s p e c t r a ,  and t h e  conduc- 
t i v i t i e s  were used t o  d e t e r m i n e  which of t h e  i n t e r a c t i o n s  occur  and t o  suppor t  
f u r t h e r  expe r imen ta l  work d i r e c t e d  toward t h e  s y n t h e s i s  of i o n i c  compounds from 
t h e s e  o x i d i z e r s .  

R e s u l t s  and D i s c u s s i z  

The i n t e r a c t i o n s  which a r e  p o s s i b l e  a r e  more p robab le  under c e r t a i n  c o n d i t i o n s  
of t e m p e r a t u r e  and p r e s s u r e  t h a n  o t h e r s .  Complex f o r m a t i o n  between HF and NF, i s  
more l i k e l y  a t  t e m p e r a t u r e s  n o t  much above t h e  f r e e z i n g  p o i n t  of HF w h i l e  decompo- 
s i t i o n  of NF, i n  h i g h l y  p u r i f i e d  HF may b e  expected a t  20OoC. 
s o l v a t e d  F,*NF, or F,BNF, complexes fo l lowed  by fo rma t ion  of i o n s  i s  more l i k e l y  
t o  o c c u r ,  i f  a t  a l l ,  a t  ambien t  or h i g h e r  t empera tu res  and p r e s s u r e s .  A l l  of 
t h e s e  i n t e r a c t i o n s  a r e  germane t o  t h e  s t r i c t  i n t e r p r e t a t i o n  of r e s u l t s  from t h e  
s o l u b i l i t y  and o t h e r  measurements .  

The fo rma t ion  of 

S o l u b i l i t y  Measurements.  The s o l u b i l i t i e s  of F, and of NF, i n  HF a r e  shown 
i n  F i g .  1. In  a d d i t i o n ,  t h e  s o l u b i l i t y  behav io r  on a d d i t i o n  of F, t o  a known mix- 
t u r e  of NF, i n  HF i s  shown i n  F i g .  2 .  F o r  p r e s s u r e s  u p  t o  twe lve  atmospheres  and 
a t  2OoC, t h e  i n d i v i d u a l  s o l u b i l i t i e s  a r e  g iven  by p i  = k i n i  where k(NF,) = 1 .02  x 

c m  of Hg.moles HF/mole NF, and k(F,) = 1.84 x 

The l a c k  oi an  i n t e r c e p t  i n d i c a t e s  no a p p r e c i a b l e  compound f o r m a t i o n ,  no 

i n  t h e  same u n i t s .  

s t r o n g  i n t e r a c t i o n  w i t h  t h e  s o l v e n t ,  no r  r e a c t i o n  w i t h  t h e  v e s s e l s .  
show t h a t  F, i s  a b o u t  h a l f  a s  s o l u b l e  a s  NF,. 
from H i l d e b r a n d ' s  i d e a l  s o l u b i l i t i e s .  

The s l o p e s  
T h i s  i s  t h e  o r d e r  t o  b e  expec ted  

The s o l u b i l i t y  b e h a v i o r  i n  t h e  t e r n a r y  system shown i n  F i g .  2 shows t h a t  on 
a d d i t i o n  of F, t o  NF, i n  HF, t h e  F, i s  i n i t i a l l y  f o u r  times more s o l u b l e  t h a n  when 
added t o  p u r e  HF and a b o u t  twice a s  s o l u b l e  a s  NF, i t s e l f .  Subsequen t ly ,  f u r t h e r  
a d d i t i o n  of F, t o  t h e  t e r n a r y  sys t em proceeds a c c o r d i n g  t o  t h e  expec ted  s o l u b i l i t y  
of F, i n  HF a l o n e .  

, 

I 

I 

L ,  

,. 

There  i s ,  t h e r e f o r e ,  a p p a r e n t l y  an i n t e r a c t i o n  between F, and N F 3  i n  HF. 

I t  has  
T h i s  c o n c l u s i o n  i s  based  o n  t h e  s o l u b i l i t y  behav io r  a s  shown i n  F i g .  1 and on t h e  ,- 
l a c k  of a p p a r e n t  i n t e r a c t i o n  between F2 and HF a s  w e l l  a s  NF, and HF. 
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f u r t h e r  been shown t h a t  F, and NF, behave i d e a l l y  i n  t h e  gas  phase and i n  l i q u i d /  
vapor  e q u i l i b r i u m  a t  -196°C. 
f o r m a t i o n  of complexes of F, w i t h  one or t w o  molecu le s  of  NF, a n d ,  p o s s i b l y ,  sub- 
s e q u e n t  f o r m a t i o n  of i o n  p a i r s  such a s  NF,+/F-. 

The a p p a r e n t  i n t e r a c t i o n  c a n  be a t t r i b u t e d  t o  t h e  

S o l u b i l i t i e s  were a l s o  measured i n  Kel-F v e s s e l s  t o  be  used a s  nmr t u b e s .  
I n  t h e s e ,  F, was 15 times more s o l u b l e  t h a n  i n  an  a l l  m e t a l  system. T h i s  was, of  
c o u r s e ,  due t o  i n t e r a c t i o n  of F, w i t h  t h e  Kel-F. A s  w i l l  b e  shown l a t e r ,  no e v i -  
dence  f o r  p roduc t s  of t h i s  i n t e r a c t i o n  have been observed excep t  when decomposi- 
t i o n  of t h e  Kel-F o c c u r s  i n  spon taneous ,  i n c a n d e s c e n t  r e a c t i o n s .  

NMR and EPR S p e c t r a .  NMR s p e c t r a  of t h e  components and m i x t u r e s  of t h e  -- 
system NF,-F,-HF i n  Kel-F, were exp lo red  a s  a p o s s i b l e  means of d e t e c t i n g  new 
s p e c i e s .  
b u t  t h e  HF/F” resonance was broadened s u b s t a n t i a l l y  on a d d i t i o n  of NF, and f u r t h e r  
broadened by a d d i t i o n  of F,. T h i s  r e sonance  also s h i f t e d  w i t h  t e m p e r a t u r e .  The 
l i n e  b roaden ing  was a t t r i b u t e d  t o  chemical  exchange w i t h  t h e  s o l v e n t  b u t  i t  cou ld  
no t  be shown what t h e  HF was exchanging w i t h .  

These s p e c t r a  showed o n l y  t h e  F19 r e sonances  o f  t h e  s t a r t i n g  m a t e r i a l s ,  

Thc l i n e  s h i f t  w i t h  t empera tu re  was shown v i a  e p r  s p e c t r a  t o  b e  due  t o  t h e  
p re sence  of paramagnet ic  s p e c i e s .  These were from a r e a c t i o n  of  F, w i t h  t h e  Kel-F 
and from F, d i s s o l v e d  i n  H F .  The l a t t e r  r e sonance  d i s a p p e a r e d  on a d d i n g  a s  much 
NF, a s  F, and was p r e s e n t  i n  F,/HF m i x t u r e s  and n o t  i n  a n y  of t h e  components a l o n e .  
I t  was t h e r e f o r e  e v i d e n t l y  no t  r e l a t e d  t o  a paramagnet ic  e n t i t y  i n v o l v i n g  NF,. 

Thus b o t h  nmr and e p r  s t u d i e s  gave no d i r e c t  ev idence  f o r  t h e  p re sence  of new 
NF s p e c i e s  a l t h o u g h  i t  appea red  t h a t  t h e  NF, nmr l i n e  d imin i shed  a p p r e c i a b l y  on 
add ing  F, a n d ,  c o n v e r s e l y ,  t h e  F, l i n e  d imin i shed  on add ing  NF,. A t  t h e  concen t r a -  
t i o n s  a t t a i n a b l e ,  t h e  nmr i s  n o t  s u f f i c i e n t l y  s e n s i t i v e  w h i l e  t h e  e p r ,  though sen-  
s i t i v e ,  i s  most e f f e c t i v e  a t  t e m p e r a t u r e s  a t  which HF is s o l i d .  A t  t h e  s o l i d  
t r a n s i t i o n ,  t h e  HF is ou t -gased ,  and i t  i s  p robab le  t h a t ,  i f  p r e s e n t ,  l i t t l e  F,/N’F, 
adduc t  would be t r a p p e d  i n  t h e  s o l i d .  

C o n d u c t i v i t y  Measurements. These were c a r r i e d  o u t  o n l y  on t h e  NF,/HF s y s t e m .  
The c o n d u c t i v i t y  of t h e  NF, i n  HF was n o t  g r e a t e r  t h a n  t h a t  of t h e  HF a l o n e .  T h i s  
was 3 x lO-’/ohn c m  a t  0°C. 
mated t o  be  and is  p robab ly  much lower s i n c e  t h i s  i m p l i e s  a d e g r e e  of i o n i z a -  
t i o n  of lo-,. 
p a r e d .  

Experimental  

The upper  l i m i t  f o r  t h e  i o n i z a t i o n  of NF, was e s t i -  

I f  t h i s  were t r u e ,  i o n i c  d e r i v a t i v e s  of  NF,’ would b e  e a s i l y  pre-  

Appara tus .  
and/or  monel t u b i n g ,  v e s s e l s  and be l lows  v a l v e s .  
nmr and e p r  t u b e s  were of Kel-F p l a s t i c .  
or h e l i a r c  welded. 
t a p e .  There were no l e a k s  d e t e c t a b l e  by  means of a hel ium l e a k  d e t e c t o r .  P re s -  
s u r e s  were measured w i t h  Wal l ace  and T i e r n a n  gauges equipped w i t h  r e s i s t a n t  metal  
c a p s u l e s .  Thermocouple gauges were used t o  monitor  low p r e s s u r e s  i n  t h e  vacuum 
sys t em b u t  were i s o l a t e d  from t h e  system t o  p r e v e n t  d e s t r u c t i o n  of t h e  gauge by 
F, and HF con tamina t ion  of t h e  system by r e a c t i o n  p r o d u c t s .  
s i v a t e d  w i t h  r e s p e c t  t o  F, and HF a f t e r  any  exposure  t o  t h e  a tmosphe re .  

The vacuum systems used i n  t h i s  work were assembled from copper 
Valve g a s k e t s ,  c o n d u c t i v i t y  ce l l s ,  

A l l  permanent j o i n t s  w e r e  s i l v e r  s o l d e r e d  
Demountable j o i n t s  were Q i n c h  p i p e  f i t t i n g s  s e a l e d  w i t h  T e f l o n  

The systems were pas- 

M a t e r i a l s .  
p l a s t i c  column. 
vacuum sys t em was 10-4/ohm-cm o r  l ess .  

Anhydrous HF was p repa red  by d i s t i l l a t i o n  th rough  an 80 p l a t e  
I t s  s p e c i f i c  c o n d u c t i v i t y  b e f o r e  exposure  t o  m e t a l  p a r t s  of t h e  

F l u o r i n e ,  which c o n t a i n s  abou t  2% i m p u r i t i e s  composed mainly of a i r ,  HF, CO,, 
and CF,, was p u r i f i e d  i n  two s t e p s .  The less v o l a t i l e  i m p u r i t i e s  were f r o z e n  o u t  
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a t  a b o u t  -187OC i n  a me ta l  t r a p  cha rged  w i t h  t h e  d e s i r e d  q u a n t i t y  of t h e  g a s .  
was removed by e x t r a c t i n g  t h e  s u p e r n a t a n t  g a s e s  above t h e  l i q u i d  condensed i n  a 
c o l d  f i n g e r  a t  -196OC. 

A i r  

N i t rogen  t r i f l u o r i d e  was o b t a i n e d  i n  99.9% p u r i t y  from A i r  P r o d u c t s  and 
Chemica l s ,  I n c . ,  and used w i t h o u t  f u r t h e r  p u r i f i c a t i o n  f o r  s o l u b i l i t y  s t u d i e s  bu t  
was pas sed  through l i q u i d  HF a t  -80°C, condensed and pumped on a t  -196OC f o r  u se  
i n  c o n d u c t i v i t y  s t u d i e s .  

S o l u b i l i t y  Measurements.  S o l u b i l i t i e s  were determined i n  t h e  a p p a r a t u s  shown 
i n  F i g .  2 .  
p r e s s u r e  v e s s e l ,  V s ,  and ,  s u c c e s s i v e l y ,  q u a n t i t i e s  of NF, (PVm) were condensed 
q u a n t i t a t i v e l y  i n t o  t h e  v e s s e l  c o o l e d  t o  -196OC. 
0 .0  mm and t h e  v a l v e  on t h e  monel vesse l  was c l o s e d .  The v e s s e l  and i t s  c o n t e n t s  
were a l lowed  t o  e q u i l l i b r a t e  a t  20°C i n  a w a t e r  b a t h .  
n e t i c a l l y .  The m i x t u r e  of HF and NF, gases  was a d m i t t e d  t o  V m ,  and t h e  system, V s  
and Vm, was al lowed t o  r e a c h  e q u i l i b r i u m  a t  P 

For t h e  s y s t e m  NF,/HF, 5 0  gm of HF were charged i n t o  t h e  450 m l  monel 

The r e s u l t i n g  p r e s s u r e  i n  Vm was 

The HF was s t i r r e d  mag- 

f '  

For t h e  F,/HF sys t em,  t h e  p rocedure  was t h e  same except  t h a t  F, was t r a n s -  
f e r r e d  q u a n t i t a t i v e l y  a t  a b o u t  55'K w i t h  t h e  a i d  of a s o l i d  n i t r o g e n / l i q u i d  oxygen 
b a t h .  S o l i d  n i t r o g e n  was p r e p a r e d  by pumping on t h e  dewar,  f i l l e d  w i t h  l i q u i d  
n i t r o g e n  and c o o l i n g  t h e  450 cc p r e s s u r e  v e s s e l .  Subsequen t ly ,  t h e  s o l i d  n i t r o g e n  
subl imed away from t h e  v e s s e l  and l i q u i d  oxygen was added t o  m a i n t a i n  e f f i c i e n t  
h e a t  t r a n s f e r  from the v e s s e l  t o  t h e  s o l i d  n i t r o g e n .  

F o r  t h e  F,/NF,/HF sys t em,  t h e  behav io r  was observed two ways. 

Second ly ,  s u c c e s s i v e  q u a n t i t i e s  of NF, w e r e  added t o  a known F,/HF system. 

I n  a d d i t i o n ,  t h e  c o m p o s i t i o n  of t h e  m i x t u r e  of g a s e s  above t h e  l i q u i d  phase 
was de t e rmined .  HF was s e p a r a t e d  from F, and IiF, and its p r e s s u r e  was measured. 
F, and NF, were de te rmined  from t h e i r  t o t a l  p r e s s u r e  b o t h  a t  room t empera tu re  and 
a t  l i q u i d  n i t r o g e n  t empera tu re  where t h e y  behave a s  a n  i d e a l  s o l u t i o n .  Temperature  
c o n t r o l  was ach ieved  by means of  a n i t r o g e n  thermometer .  

S u c c e s s i v e  
q u a n t i t i e s  of F, were added t o  t h e  v e s s e l  c o n t a i n i n g  a known q u a n t i t y  of NF, and 
HF. 

NMR S p e c t r a .  NMR s p e c t r a  of  components and m i x t u r e s  were o b t a i n e d  i n  Kel-F 
t u b e s  of  two t y p e s .  S p i n n a b l e  t u b e s  were made by h e a t  s e a l i n g  b o t h  ends of a t u b e  
machined t o  resemble s t a n d a r d  200 m l  g l a s s  t u b e s .  Tubes t o  which components were 
added s u c c e s s i v e l y  i n  o r d e r  t o  o b s e r v e  changes i n  s p e c t r a  were made from 3 i n c h  
rod  and equipped w i t h  a v a l v e .  A Varian A-60 Spec t romete r  was used .  

EPR Spec t r a  of  components and  mix tu res  were o b t a i n e d  i n  Kel-F c a p i l l a r i e s  
drawn from a i nch  t u b i n g .  S p e c t r a  were obse rved  a t  t empera tu res  down t o  -190OC. 

Conduc t iv i ty  S t u d i e s  were c a r r i e d  o u t  i n  a n  a l l  Kel-F vacuum system and con- 
The ce l l  c o n s t a n t  was .03/cm determined d u c t i v i t y  ce l l  w i t h  p l a t i n u m  e l e c t r o d e s .  

by c a l i b r a t i o n  w i t h  KC1 s o l u t i o n s  a t  i c e  t e m p e r a t u r e .  

Conc lus ions  

The e x i s t e n c e  o f  t h e  i n t e r a c t i o n s  j u s t i f i e d  some s p e c u l a t i o n  on i t s  n a t u r e .  
The re  a r e  t h r e e  r e a c t i o n s  of i n t e r e s t  which cou ld  occur  i n  t h i s  s y s t e m :  

HF + -  i .  NF,-NF, F 

HF + -  
2 .  NF, + lF,+ NF, F 

HF 3 .  m, f F,---+NF,+ + F 
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None of t h e s e  v i o l a t e  va l ence  r u l e s  bu t  t h e  e x t e n t  of r e a c t i o n  (1) is sma l l  from 
i t s  c o n d u c t i v i t y  w h i l e  ( 2 )  and ( 3 )  may ve ry  w e l l  proceed th rough  t h e  proposed un-  
s t a b l e  F,-NF, and F,.2NF, complexes.  I t  is p lanned  t o  d e t e r m i n e  whether  any i o n s  
of i n t e r e s t  can be  d e r i v e d  from t h i s  s y s t e m  by a d d i t i o n  of SbF, i n  o r d e r  to  o b t a i n  
a s o l i d  d e r i v a t i v e .  
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